INTRODUCTION
Widely distributed species frequently face differing and localized environmental challenges.
Plasticity in physiological function may help to facilitate acclimation to and/or colonization of novel environments, whereas inter-individual variability and associated bioenergetic costs and trade-offs may ultimately lead to adaptive evolution (Watt, 1985; Schulte, 2001; Dalziel et al., 2009 ). However, complete understanding of divergent evolutionary trajectories in response to the dominant abiotic factors experienced by such cosmopolitan species remains a central challenge in biology, requiring integration of analyses at all levels, from molecules within cells, to wholeorganism performance in relation to the broad range of conditions comprising a species' physiological niche (Pough, 1989) . For aquatic organisms, the maintenance of plasma ion concentrations represents a unique set of physiological challenges. For example, freshwater species inhabit a hypotonic environment where they tend to gain water and lose salts via exposed membranes. In contrast, marine species live in a hypertonic environment in which salts are gained and water lost to the external environment. Osmoregulation under both conditions is energetically costly and necessitates active ion transport against a concentration gradient employing a variety of molecular pumps and channels (Perry and Fryer, 1997) . In fishes, these physiological mechanisms are coordinated between gills, intestines and kidneys (Eddy and Handy, 2012) . Specifically, ionic balance is maintained in sea water through a combination of branchial and renal excretion of salts, and oral ingestion and intestinal uptake of water (Evans, 2008) . The opposite occurs in hypotonic environments such as weakly brackish or freshwater: salts are reabsorbed across the gills and intestines, whereas excess water is filtered by the highly vascularized kidney (Hickman and Trump, 1969; Perry and Fryer, 1997; Hentschel et al., 2000) .
These specific mechanisms have been studied in great detail in the gill (Evans et al., 1999; Evans et al., 2005; Hwang et al., 2011) and intestine (Lahlou, 1983; Grosell, 2006) of marine and freshwater fishes, and have revealed various degrees of plasticity in response to salinity transfer.
However, the extent of associated cellular remodeling and/or transcriptional changes in the kidney has received less attention (but see Perry et al., 2003; Wang et al., 2014) , especially in euryhaline species that can tolerate a wide range of salinities.
The main functions of the kidney include filtering wastes, absorbing nutrients and water, and maintaining body fluid concentrations (Eaton, 2012) . These are achieved by the nephron, the functional unit of the kidney which is composed of several structural subunits. Chief amongst Journal of Experimental Biology • Advance article these are the blood filtering glomeruli, which mark the beginning/head of nephrons, and the connected tubules, which ultimately discharge urea and water via the colleting duct. The tubular epithelium can be further distinguished into distinct proximal and distal segments which in turn have unique roles in modifying the salt and water composition of urine via specific solute transport activities (Hickman and Trump, 1969; Reimschuessel, 2001) . These kidney structures are also known to vary both within and among species, depending on their local habitats (Hickman and Trump, 1969) . For example, nephrons of freshwater fish typically have large, well vascularized glomeruli and tubules to retain salts and produce dilute urine for elimination of excess water (Hickman and Trump, 1969) . In contrast, marine fishes lose water to the external environment, therefore they tend to have poorly developed glomeruli and lower glomerular filtration rates to maximize water retention (Reimschuessel, 2001) . In some cases, certain marine and estuarine species are entirely devoid of glomeruli and/or distal tubules (Hickman and Trump, 1969; Reimschuessel, 2001) . In general, cellular form may influence not only immediate renal function, but ultimately the type of environment to which an animal may acclimate. Hence, studying aspects of renal function in these divergent anatomical structures can provide insights to their potential role in local adaptation.
The threespine stickleback (Gasterosteus aculeatus) has emerged as a premier model in the study of adaptive evolution (Bell and Foster, 1994; Gibson, 2005; Jones et al., 2012) . A marine species in origin, the ancestral phenotype has been highly conserved since the Miocene;
however, repeated colonization of freshwater throughout the species global distribution has resulted in pronounced evolutionary changes. Given the species' capacity to acclimate and adapt to a wide range of salinities -its distribution extends throughout coastal marine and lowland fresh waters of the boreal and temperate northern hemisphere (Bell and Foster, 1994) -it is an ideal model for studies of kidney structure and function. While the kidney has been the target of many physiological studies aimed at understanding the mechanisms of ion transport in various species of marine and freshwater fishes (Yancheva et al., 2016) , it has received considerably less attention in stickleback. Earlier comparative studies revealed that the renal structures of freshwater stickleback are better developed than those from the marine environment (Ogawa, 1968; Wendelaar Bonga, 1973) . Likewise, upon freshwater transfer, the kidneys of anadromous sticklebacks undergo structural modifications, acquiring characteristics of freshwater fish, suggesting a high degree of renal plasticity in marine/anadromous stickleback (Hickman and Journal of Experimental Biology • Advance article Trump, 1969; Wendelaar Bonga, 1973) . Interestingly, no studies to date have explored whether this morphological plasticity is maintained in stickleback adapted to freshwater or weakly brackish environments. Moreover, whilst studies at the functional level have described transcriptional responses to salinity in both marine/anadromous and freshwater stickleback (McCairns and Bernatchez, 2010; Judd, 2012; Taugbøl et al., 2014; Divino et al., 2016) , most have focused on gill rather than kidney tissue. Although a recent transcriptome-wide assay of salinity induced changes in stickleback kidneys has provided a fresh insight into this important model system (Wang et al., 2014) , it's use of wild-caught test fish limits the ability to unambiguously discern genetically-based divergence in expression from confounding environmental factors.
Locally adapted populations of sticklebacks in the Baltic Sea represent an ideal system to differentiate genetic from environmental sources of variation in kidney morphology and function. The Baltic Sea is characterized by a pronounced east-west and north-south salinity gradient ( Fig. S1 ), with its northern arm, the Gulf of Bothnia, being almost freshwater (Olenin and Leppäkoski, 1999) , and the Danish Straits being nearly marine (20 ppt). The threespine stickleback is one of the most abundant fishes of the Baltic Sea, and fine-scale population structuring in this area appears to be associated with existing salinity gradients (DeFaveri et al., 2013; Guo et al., 2015) . In the face of such environmental variation, it is expected that populations from different environments would have a wide variation in kidney morphology ranging from highly developed kidney structures in populations residing in areas of low salinity, to poorly developed kidneys in those native to high salinity (Reimschuessel, 2001 Yet, given the euryhaline nature of the species, such changes might also be reflected in their inherent physiological plasticity (McCairns and Bernatchez, 2010; Whitehead et al., 2013) .
Nevertheless, limits to plasticity are almost certainly imposed by energetic costs and trade-offs (Van Tienderen, 1997; DeWitt et al., 1998; Van Kleunen and Fischer, 2005) , which may differ among populations of a given species (DeWitt et al., 1998) . Thus, stickleback populations from divergent osmotic conditions may also serve as ideal models to determine the relative role of plasticity during the process of adaptation, and whether this plasticity differs between populations that are adapted to different salinities.
In this study, we compared the difference in renal morphology and inferred renal function between two stickleback populations adapted to different salinity conditions in the Baltic Sea area (viz. high salinity Danish Strait, 20 ppt; low salinity Bay of Bothnia, 5 ppt). After rearing multiple families from each population under native and reciprocal salinity conditions, we quantified gross-scale kidney cell morphology and mRNA abundance in candidate osmoregulatory genes in order to document plastic (i.e. purely environmentally mediated) responses to salinity, in contrast to genetically based divergence (including genetic differences in plasticity, i.e. genotype-by-environment interactions) that have evolved between these populations. Three candidate genes were selected based on their known osmoregulatory function as important ion-transporting and water channel proteins (ATP1A1, AQP3, and NHE3B), which have been shown to play integral roles in maintaining osmotic and ionic balance across key osmoregulatory organs, including the kidney (Cutler and Cramb, 2001; Perry et al., 2003; Finn and Cerdà, 2011) . Additionally, previous work cataloging divergence among ecologically diverse stickleback populations in the Baltic Sea identified these genes as putatively selected outliers based on their genomic divergence between freshwater and marine populations within the study region (DeFaveri et al., 2011; Shimada et al., 2011; DeFaveri et al., 2013) . Three additional candidate genes (NKCC2, CD2AP and NEPH3) were selected based on their known Journal of Experimental Biology • Advance article functional role in glomerular filtration (Shih et al., 1999; Lehtonen et al., 2000; Hentschel et al., 2007) , and whose differential expression in relation to salinity has been demonstrated in glomerular podocytes and tubules of various fish species (Cutler and Cramb, 2001; Nishimura et al., 2004) .
MATERIALS AND METHODS

Fish sampling, breeding and maintenance
Adult sticklebacks were sampled during the breeding season (May -June) of 2011 from two demes inhabiting different salinity conditions in the Baltic Sea: Mariager Fjord, Denmark (MAR; 56°38′58″N, 09°57′05″E, see also Fig. S1 ) a region of high salinity (20 ppt average annual salinity; range 17-24 ppt), and a region of low salinity (3-5 ppt average annual salinity) in the Gulf of Bothnia, near the municipality of Kaskinen, Finland (KAS; 62°23′02″N, 21°13′30″E, see also Fig. S1 ). In the text, population codes are followed by (H) and (L) -denoting high and low salinity, respectively -to highlight the environmental status of each. While neutral genetic divergence among these two populations is roughly one percent, divergence in candidate genebased markers with putative osmoregulatory roles is five times higher (data from DeFaveri et al., 2013) . Differential responses to salinity treatment have also been documented in these specific populations, notably a reduction in fitness (i.e. larval survival, juvenile growth) in fish native to the low salinity region (KAS) reared at high salinity (DeFaveri and Merilä, 2014) . Ten 'purebred' F 1 families were established within in each population; see DeFaveri and Merilä (2014) for details on crossing and rearing. Briefly, each family was divided and individuals from each reared in either of two salinity treatments (5 and 20 ppt, respectively), chosen to reflect the local salinities at each of the two sampling sites to which source populations are adapted. Fish were maintained in this full factorial design for one year, at which time eight families were randomly selected per treatment. Although stickleback can come into reproductive condition at this age, we were careful to select individuals that were not showing any visible signs of sexual maturity (i.e.
no nuptial coloration or gravidity) and no discernible gonads during dissections (i.e. most probably immature males). This is particularly important because the kidneys of males undergo major structural and functional changes during breeding (De Ruiter and Wendelaar Bonga, 1985) ; however, this is unlikely to affect the current results as only immature fish were used. In Eclipse 800 light microscope, and a digital photo of each taken with a Spot Image digital camera at 40 magnification (Olympus BX61). Measurements were taken from digital photos using IMAGEJ (Abràmoff et al., 2004 ). Since we could not identify distal and proximal ends, nine cross sections throughout the length of each kidney were chosen to capture within kidney variation in structural components. From each section, five tubules were chosen randomly and measured for total tubule diameter, lumen diameter and cell height (Fig. S2 ). Due to the limited numbers of available glomeruli, only five from each sample were measured. In all cases, each structural element was measured eight times from differing starting points around the entire circumference of the structure -in this way we capture elements of both intra-structural variation and measurement area in subsequent analyses.
Candidate gene selection & primer design
As detailed in the Introduction, candidate genes were selected based on their osmoregulatory function as important ion-transporting and water channel proteins (ATP1A1, AQP3, and
NHE3B), as well as their functional role in glomerular filtration (NKCC2, CD2AP and NEPH3).
A summary of the putative osmoregulatory function of each candidate gene is presented in Table   1 . Actin (ACTG1) was used as a reference gene for normalizing transcription since its expression in the kidney does not change in response to environmental salinity (Lu et al., 2011) . (Table S1 ).
RNA extraction, cDNA synthesis and quantitation of candidate gene expression
Total RNA was extracted from kidney tissue using an RNeasy Mini Kit, following manufacturer's instructions (QIAGEN, GmbH -Germany). Initial RNA concentration was determined by using a Qubit TM assay kit according to manufacturer's instructions (Invitrogen, Carlsbad CA, USA), and then standardized to equimolar concentration (84 ng/µL) before cDNA synthesis. 12 µL of total RNA from each sample was reverse transcribed to cDNA using the 
Data analysis
All data analysis was performed in the R computing language (R Development Core Team, 2007) . Both kidney cell measurements and gene expression data were analyzed via general mixed-effects models employed in the 'MCMCglmm' package (Hadfield, 2010) . For both data sets (i.e. kidney structure and mRNA expression), population of origin (here used as a proxy for locally adapted genotypes; G), rearing environment (E) and genotype-by-environment interaction (GE) were assigned as fixed effects; however, random effects differed between datasets. For kidney data, random effects included variation among full-sib families, variation among longitudinal sections, and repeated measures of each structure (herein termed measurement error, V meas ). For mRNA data, random effects included variation among families, variation due to repeated measures (V meas ) and variation among PCR plates, nested within the suite of repeated measures of a given individual (V plate ) -for the latter, three pseudo-replicate values (calculated from each reference gene) were generated for each plate containing a given technical replicate.
For kidney cell morphology data, models were run for 200,000 iterations, with a burn-in of 100,000 and a thinning interval of 100 to yield 1,000 posterior estimates from each sampling chain; for gene expression data, these parameters were 2,000,000, 1,000,000 and 1,000, respectively. In both cases, default priors were used, and model convergence was verified by visual inspection of trace, density and autocorrelation plots. Significance of fixed effects was profiled from the posterior distributions of model coefficients. For plotting, we estimated/predicted fixed-effects means conditioned on random effects.
For each trait, three models were tested: (i) a minimal/null model for which random effects only included technical variation (e.g. kidney section, PCR plate) and repeated measurement; (ii) a model including broad-sense genetic variation (i.e. including all sources of genetic variance, as opposed to a decomposed expression of only additive genetic variance) for trait expression, modeled as among-family variation in model intercepts, and; (iii) maximal model, wherein random effects also included a family-specific environmental response (i.e. slope,  Treat|Fam ) as a
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proxy for broad-sense genetic variation in plasticity. Model selection was based on the deviance information criterion (DIC).
RESULTS
Kidney cell morphology
Nephron morphology responded in a population-specific manner to the effects of environmental salinity. In both populations, glomerulus diameter was significantly reduced in the high salinity treatment (20 ppt; Fig.1 ; Table 2 -representative histological images can be seen in supplementary material, Fig.S3 ). This effect was most pronounced in the native high salinity population MAR(H), whose average glomerulus diameter was reduced by 31.5%, compared to a 15.6% reduction observed in the low salinity population KAS(L). This led to a significant difference between populations in the high salinity treatment, where average glomerulus diameter was 20.6% smaller in MAR(H) compared to KAS(L) individuals (p = 0.026; Table 2 ).
In the low salinity treatment (5 ppt), average glomerulus diameter did not differ significantly between populations (p = 0.706; Table 2 ).
None of the tubule measurements differed between salinity treatments in the KAS(L) population (overall tubule diameter, p = 0.984; lumen diameter, p= 0.062, Table 2 ). In contrast, MAR(H) individuals exhibited significantly smaller tubules (overall tubule diameter: 19.9%, p < 0.001; lumen diameter: 28.6%, p < 0.001) when reared at 20 ppt (Table 2 ; Fig. 2A , B -see supplementary material Fig.S4 for representative sections). Mean tubule cell height did not differ between populations, nor was it affected by salinity (Table 2) ; however, variance appears to have increased for individuals reared at 20 ppt (Fig. 2C) .
Inclusion of family as a random effect produced modest improvements in model fit for all nephron measurements (Table 2 ). This was restricted to variation in the intercept for most traits, with the exception of tubule cell height, which also exhibited family-specific variation in coefficients describing the effect of rearing salinity -this is also reflected in the broader density interval estimates observed in the 20 ppt environment (Fig. 2C) . However, given the small numbers of families sampled, posterior density interval estimates for family-level variation ranged over an order of magnitude. Based on point estimates (i.e. the posterior mode), variance due to measurement error was generally greater than that associated with family, although relative to the scale of structures measured, was not excessive -from 9% to 16% when expressed Journal of Experimental Biology • Advance article as standard deviation relative to the global mean. Similar levels of variation were observed among the various kidney sections.
Candidate gene expression
When reared at 5 ppt salinity, transcript abundance did not differ significantly between populations for any of the six candidate genes. Four of the candidate genes did exhibit population-specific trends in their transcriptional response to salinity (Fig. 3) , although under a stringent threshold ( = 0.05), a population-by-treatment interaction was significant only for AQP3 expression (Table 3 ). Similar trends were seen for ATP1A1 and NKCC2 under a more liberal significance threshold ( = 0.1), and qualitatively for CD2AP. MAR(H) showed a 1.7-fold increase in AQP3 transcription in response to salinity (p = 0.024), whereas KAS(L) showed no change (Fig. 3A) . This was also reflected in a 2. Table 3 ; p = 0.010). In contrast, NKCC2 expression was significantly reduced in KAS(L) individuals reared at high salinity ( Fig. 3F ; p = 0.022), whereas no salinity effects were observed for MAR(H). Consequently, NKCC2 transcript abundance was 1.5-fold greater in MAR(H) compared to KAS(L) at 20 ppt. No significant salinity effects or population differences were observed for NEPH3 (Fig. 3D) or NHE3B (Fig. 3E ).
Model fit was only marginally improved by incorporating family as a random term; for NHE3B the model accounting only for measurement error was preferred (Table 3) . No candidate gene exhibited family-specific variation in their transcriptional response to salinity. Conversely, variance due to measurement error was substantially greater than that attributable to broad-sense genetic variation in expression.
DISCUSSION
The main objective of our study was to shed light on putative osmoregulatory mechanisms in the threespine stickleback, focusing on wild populations adapted to divergent conditions within a natural salinity gradient of the Baltic Sea (DeFaveri and Merilä, 2013, 2014) . Specifically, we Journal of Experimental Biology • Advance article aimed to determine if there were structural and functional differences in the kidney between populations native to different salinity environments, and whether this variation was genetically based. Current results are insufficient for a formal test to distinguish selection from drift in the evolution of these populations; however, the observation of broad-sense genetic variation underlying traits essential to osmoregulatory function speaks to the potential for populationspecific responses to selective pressures exerted by divergent salinity conditions. Although the Bay of Bothnia from which the low salinity population originate is not fully freshwater, the low salinity conditions are stable throughout the year (Håkansson et al., 1996) . Moreover, the waters Our analyses also revealed a high degree of plasticity in the kidneys of individuals native to a high salinity habitat, as most morphological features and some gene expression patterns showed significant responses -in the expected direction -to salinity treatment. However, this plasticity appears to be reduced in sticklebacks residing in a low salinity environment, as most of the renal morphological and transcriptional traits examined did not show salinity-dependent responses.
This suggests that pre-existing plasticity in the marine population has enabled the ancestral population to respond to abrupt salinity stress, but this ability has been lost in the locally adapted low salinity population.
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Kidney morphology
In line with earlier observations (Ogawa, 1968; Wendelaar Bonga, 1973) , we also noted a high degree of plasticity in the glomeruli and nephron tubules from stickleback native to the high salinity environment of the Kattegat. Specifically, when reared under low salinity conditions, most renal morphological traits showed a significant increase in diameter. In fact, the tubules of the high salinity population were even larger than those of the low salinity population when both were reared in low salinity, reflecting their enhanced ability to respond to changes in environmental salinity, in this case by likely increasing filtration rate in low salinity to conserve filtrated electrolytes and re-absorb ions (Hickman and Trump, 1969 To the best of our knowledge, no histological study to date has investigated the effects of high salinity transfer on the kidney of freshwater/low salinity stickleback. In this regard, our study provides novel insights into the reduction of plasticity in derived populations: although there was a treatment effect on glomeruli diameter in KAS(L) fish reared under high salinity, the reduction in glomerulus size was significantly less pronounced than that observed from conspecifics of marine origin. This could suggest a reduced osmoregulatory capacity in high salinity conditions, since structural differences in the kidney are widely recognized to reflect functional differences in ion transport (Hickman and Trump, 1969; Lam and Leatherland, 1969; Wendelaar Bonga, 1976; Reimschuessel, 2001) . Indeed, reducing glomerulus size is one means by which marine teleosts reduce plasma filtration to produce more concentrated urine These contrasting patterns suggest that plasticity in renal development and/or capacity for remodeling has been significantly reduced (glomerulus size) -and to some extent perhaps even lost (tubule diameter) -in the population residing permanently in a low salinity environment.
Loss/reduction of plasticity would seem to be a common feature in sticklebacks following colonization of freshwater, with similar patterns observed at both the transcriptional and morphological level in separate systems (Wund et al., 2008; McCairns and Bernatchez, 2010) , and speaks to the broader role of plasticity potentially facilitating the transition to permanent freshwater residency (West-Eberhard, 2005; Crispo, 2008) . One explanation could be that osmoregulatory plasticity may be costly to maintain, but nevertheless adaptive for populations such as MAR(H) that reside in fluctuating environments characterized by daily salinity variations due to tidal cycles (salinity range from 17-24 ppt) and even more dramatic seasonal changes associated with spawning and egg rearing in freshwater. Adaptation to the relative osmotic stability of the low salinity environment should select for more canalized and/or specialist genotypes (DeWitt et al., 1998; Kvitek and Sherlock, 2013; Murren et al., 2015) . Conversely, residency in a less heterogeneous environment may simply reflect a relaxation of selection, which in turn might yield a loss of plasticity via random mutational processes (Masel et al., 2007; Maughan et al., 2007) . In the absence of data on bioenergetic and/or fitness costs associated with plasticity (or the lack thereof), we cannot provide a definitive explanation for the contrasting patterns observed between marine and low salinity populations. However, given the preponderance of observations involving the loss of plasticity across multiple phenotypes in the stickleback system, we would encourage their inclusion in future studies.
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Gene expression
In general, variation in the expression patterns of most candidate genes studied here coincided with the structural changes discussed above. Although not significant, similar trends were observed in the high salinity population, which was able to down-regulate three genes (AQP3, ATP1A1 and CD2AP) in the low salinity treatment, suggesting some degree of plasticity in ion transporting mechanisms in this population. Such transcriptional modifications were not observed in the low salinity population (with the exception of NKCC2). Similar patterns have been reported in other fishes from the Baltic Sea area. For example, microarray analysis of liver tissues in flounder from the North Sea (33 ppt) uncovered 2.3% of genes that were differentially expressed after long-term exposure to different salinity treatments (33 and 9 ppt) -although a formal enrichment analysis was not conducted, it was reported that many genes were known to play a role in osmoregulation (Larsen et al., 2007) . In contrast, only 0.5% -an amount that could be expected by chance alone -were differentially expressed in flounder originating from the low brackish conditions of the inner Baltic Sea (9 ppt). Subsequent validation of candidate gene expression (including ATP1A1) in kidney and gill tissues from the same samples also revealed patterns of reduced responsiveness of Baltic Sea fish to salinity challenge, relative to their truly marine conspecifics from the North Sea (Larsen et al., 2008) . Assays of ATP1A1 transcription in gill tissues of Atlantic cod also showed a concordant result: significant changes were observed in response to salinity treatment in the North Sea population but not in the Baltic Sea population (Larsen et al., 2012) . In general, it appears that populations of fishes have become locally adapted to the low salinity conditions of the Baltic Sea, and this is reflected in their inability to modify transcriptional responses to salinity changes.
Of the six genes tested here, expression of ATP1A1 is perhaps the most studied in the context of osmoregulation -not just among sticklebacks (e.g. McCairns and Bernatchez, 2010; Judd, 2012; Taugbøl et al., 2014; Wang et al., 2014; Divino et al., 2016) , but also in many other as compared to freshwater/low salinity (but see McCairns and Bernatchez, 2010) , a trend that was also seen in our study -although only in the population native to high salinity. However, in sticklebacks, the population-specifity of ATP1A1 expression is less consistent among studies that have used gill tissue rather than kidney. For example, some report that plasticity has been retained in freshwater populations, which are able to upregulate Na + /K + -ATPases in sea water (compared to freshwater) at a similar level as native sea water populations (e.g. Judd, 2012; Taugbøl et al., 2014) . Interestingly, a recent study of wild-caught stickleback did note changes in ATP1A1 expression in the kidneys of freshwater stickleback acclimated to different salinities (0, 11 and 33 ppt), although these expression patterns were dissimilar to the current study: whereas we observed no significant effect of salinity on ATP1A1 transcription in fish originating from a low salinity environment (a slight trend for mean expression to decrease was observed, Fig. 3B ),
Wang et al. (2014) demonstrate a monotonic decrease in expression of freshwater fish when exposed to increasing salinity. Nevertheless, there are also similarities between studies, including both elevated levels of ATP1A1 mRNA in saltwater fish exposed to a hypertonic environment, relative to their low salinity conspecifics, as well as generally greater variability in levels of expression for fish of marine origin.
In addition to ion transport, osmotic balance is also maintained through regulation of cell water volume, a function performed by aquaporins. Not surprisingly, the most significant transcriptional change we observed was in AQP3, for which mRNA levels were 2. however, the distal nephron appears to be absent in sticklebacks (Elger et al., 2000) . Therefore, further study may be needed to clarify the precise role of AQP3 in teleost kidneys. Using RNA Journal of Experimental Biology • Advance article sequencing, Wang et al. (2014) identified AQP4, another member of the aquaporin family, as a salt-responsive gene in the kidneys of sticklebacks, although significant differences were only observed in sea water when comparing marine and freshwater stickleback acclimated to sea water (33 ppt). Notably, no significant differences were observed in the expression levels among freshwater stickleback acclimated to different salinities (0, 11 and 33 ppt; Wang et al., 2014), a trend we also observe in AQP3 (Fig. 3A) . Hence, this lack of transcriptional response to salinity in freshwater stickleback aligns with our results for aquaporins. Unfortunately Wang et al. (2014) were not able to include data from marine stickleback acclimated to salinities other than their native sea water, so the plasticity of aquaporin expression in this population of marine stickleback cannot be assessed.
Linking gene expression and the morphological remodeling of kidney tissue
Structural remodeling of the kidney has been associated with changes in levels of mRNA expression in a number of animals, including changes in tubule size in Xenopus (Cerqueira et al., 2014) and glomerulus structure in mice (Hayashi et al., 2014) . Conversely, mechanically induced remodeling independent of genetic causes may also induce changes in transcription (Mammoto et al., 2013) , an observation that further emphasizes caveats against conflating correlation and
causation. Yet such patterns can nevertheless be informative; and though organ size precluded the simultaneous measurement of mRNA abundance and kidney structure in the same individual, our observations are suggestive of such a correspondence.
With the exception of NKCC2, we observed no significant transcriptional changes in the low salinity population when reared under high salinity, a pattern also coincident with the observation of far less plasticity in the kidney structure of this group. On the other hand, the high salinity population demonstrated a marked response to salinity both in renal structures and transcript abundance. Both observations suggest correlation and/or causation between cellular remodelling and active transport mechanisms during osmotic acclimation. Indeed, similar links have been shown in the gill epithelium of killifish, which can transition from a seawater to freshwater phenotype in less than one day, with corresponding changes in ion transporting functions (Whitehead et al., 2012; Whitehead et al., 2013) . Though less well studied in fishes, strucutral changes in the kidney can also implicate activity-associated modifications in ion transport and metabolism (Hickman and Trump, 1969; Beyenbach, 2004) . For example, changes Journal of Experimental Biology • Advance article in the volume of multiple cell types, which affect water flow and/or solute concentrations, can be achieved by activating various channels and transporters, including sodium and potassium transporters such as ATP1A1 and NKCC2 (Okada, 2004) . Likewise epithelial remodeling in the kidney of puffer fish (Tetraodon biocellatus) acclimated to different salinities revealed concordance between claudin tight junction protein mRNA abundance and structural changes observed in nephron tubules and tight junctions (Duffy et al., 2011) . It is therefore possible that similar links are also important in stickleback kidneys. For example, given that aquaporins are associated both with both tubule cell volume regulation and water reabsorption (Day et al., 2014) , the pattern of increased expression in high salinity (Fig. 3A) could potentially be correlated with changes in tubule structure found in our study (Fig. 2) . Hence, the effects of varying and/or silencing aquaoporin expression on kidney structure and function poses one potential mechanistic link worth future study. Again, we must reiterate that separating cause and correlation requires work well beyond that undertaken here, and a clear link between cellular remodeling and expression in sticklebacks remains to be confirmed. Though as tools for targetted mutagenesis and RNA silencing become more prevalent, such a link may prove attainable.
Considerations, perspectives and conclusions
There are several points worth considering when interpreting the results presented here. Firstly, since we only used F 1 -generation individuals, it is not possible to rule out variation attributable to maternal, complex developmental or epigenetic effects. Further studies with multi-generation controlled breeding might help to more carefully differentiate among these sources of variation.
Secondly, there are distinct roles in active secretion and re-absorption of various ions and water in different parts of the kidney tubules and collecting ducts. The distal segment is absent in sticklebacks, and we were not able to distinguish different proximal segments and collecting ducts (using standard antibodies e.g. Calbindin, Pax2, PNA, HRP, TH and Na
Kuure and M. Hasan, unpublished data). Therefore, the inferences made from kidney tubule morphology are an approximation over the entire tubule, rather than precise morphological analysis of different tubular segments. Thirdly, gene expression was measured by quantification of mRNA abundance. Although there can be a generally high correspondence between mRNA and protein expression (Greenbaum et al., 2003) , this has yet to be verified in our particular study. It should be noted, however, that in sticklebacks ATP1A1 enzyme activity has been Journal of Experimental Biology • Advance article demonstrated to increase in response to salinity challenge (Divino et al., 2016) . Nevertheless, until mRNA concentration can be demonstrated to correspond to either the abundance and/or the functional activity of the protein in all candidate genes, our results should be interpreted with caution. Finally, rather than several candidate genes, complex genetic networks are involved in gene expression-driven adaptive divergence (Pavey et al., 2010; Whitehead et al., 2013) .
Therefore, further studies investigating the whole transcriptome may help to build a more comprehensive understanding of the complex physiological processes involved with osmoregulatory plasticity and adaptation. Tables   Table 1. Putative osmoregulatory function of candidate genes. Note that for sake of brevity, other putative functions beyond maintenance of homeostasis have not been listed. All genes selected have been shown to be expressed in the kidneys of at least one other teleost species. 
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Candidate Gene Putative Osmoregulatory Function
